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Introduction
The metallurgical importance of tundishes has
led to much research into various aspects of
tundish operation and design, and investi-
gations of the flow properties and inclusion
behaviour through both physical and
numerical modelling. A large portion of the
research has been focused on the use of flow
control devices to alter flow patterns and
improve the tundish performance by
eliminating short-circuiting, increasing the
residence time to promote inclusion removal,
and reducing variation between strands in
multi-strand tundishes (Craig et al., 2001,
2003; Kumar et al., 2007, 2008; Jha et al.,
2008; Tripathi and Ajmani, 2011; Zhong et al.,
2007). Craig et al. (2001) worked on the
optimization of a single-strand stainless steel
caster tundish for two separate tundish config-
urations – dam and weir, and baffle with
angled holes and an impact pad. Significant
improvements of up to 34% in minimum
residence time were obtained for the second
configuration. Moreover, in 2003 Craig et al.
reported a CFD study combined with
mathematical optimization to design the
configuration of the new enlarged tundish.
Design variables chosen included the position
and sizes of baffles and baffle holes and
pouring box width, while the design objective
was maximization of the minimum residence
time (MRT) at operating level and at a typical
transition level. The study showed that
mathematical optimization techniques can be
coupled with CFD techniques to obtain
optimum tundish designs with significant
improvements. 
In general, most authors have assumed the
tundish to be isothermal, but some have
looked at the effect of temperature gradients
due to heat loss from the tundish (Liu et al.,
2008; Mishra et al. 2012; Miki and Thomas,
1999) or the effect of the cooling rate of melt
arriving from the ladle (Qu et al., 2012).
Modelling strategies are necessary when
investigating tundish behaviour because of the
high temperature and opaque nature of the
steelmaking process, which makes performing
certain experiments on the real system
impossible. For the physical modelling
procedure, full- or reduced-scale water models,
based on Reynolds number or Froude number
similarity, are used (Mazumdar and Guthrie,
1999). The flow behaviour is usually charac-
terized by investigating the residence time
distribution (RTD) curves under various
operating and design parameters.
In this study a physical model was used to
investigate the effect of different turbulence
inhibitor designs on the flow properties of a
four-strand trough-shaped tundish to
contribute to the current knowledge and
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understanding of multi-strand tundish design and operation.
Of specific interest is a design proposed by Kumar et al.
(2008) where the use of a turbulence inhibitor with holes in
combination with low dams is proposed to improve flow
properties. This study investigated whether the addition of
the holes and dams provides significant advantage compared
with using only a turbulence inhibitor without holes, which
would be less expensive to construct and maintain. A
numerical model was also developed in FLUENT to simulate
the flow behaviour in the water model, improving the
understanding of the results of the physical model
experiments. The effect of the assumptions of symmetry and
dynamically steady flow on numerical results, which were
frequently used in tundish CFD studies to reduce the
computational time (Kumar et al., 2008; Tripathi and Ajmani,
2011; Zhong et al., 2007; Mishra et al., 2012; Tripathi and
Ajmani, 2005; Jha et al., 2001) was also investigated. This is
of importance, as there is no information on the effects of
these assumptions on computational accuracy in the available
literature on tundishes. The numerical model was also used
to investigate the effect of the upward flow on surface
turbulence, since high surface turbulence creates the potential
for slag entrainment, which will cause new inclusions to form
and lower the product quality. This is therefore a factor worth
considering when implementing the use of turbulence
inhibitors.
Experimental modelling
The physical model was constructed from clear, 6 mm PVC,
with all dimensions scaled to a 1:2 ratio compared to the
industrial tundish. The four sidewalls were inclined by 10°.
The dimensions of the tundish are shown in Figure 1.
The turbulence inhibitor was constructed from grey PVC,
15 mm thick. The dimensions are shown in Figure 2. The
turbulence inhibitor was attached to the tank using silicone
adhesive, when required for experiments. The holes in the
side of the turbulence inhibitor could be closed by inserting
correctly sized PVC blocks into them and sealing the gaps
with silicone.
The complete physical model set-up is shown in Figure 3.
To simplify construction, the water feed tank was placed to
the side of the tundish model. However, CFD simulations
showed that by simply placing a 90° bend in the feed pipe
above the tundish, an asymmetric velocity profile would
develop. To rectify this, an 8 litre cubic tank, made from
stainless steel, was suspended above the inlet point at the
centre of the tundish. CFD simulations showed that this
ensures an even velocity profile in the inlet pipe. The inlet
pipe had a diameter of 30 mm and penetrated the tundish to
165 mm from the bottom of the tundish. A T-junction at the
top of the inlet pipe allowed tracer fluid to be injected into the
inlet stream using a syringe. Outlet holes were drilled in the
bottom of the bath. The desired flow rate, at the bath height
used, was obtained by calculating the required diameter of
the outlet from Bernoulli’s equation. A PVC insert with the
correct diameter was then placed into each of the holes. The
measured flow rates in each of the outlets were within 2% of
the desired rate. Apart from geometric similarity, the Froude
number was used as the criterion for dynamic similarity. In
reduced-scale water modelling it is impossible to simulta-
neously achieve both Froude number and Reynolds number
similarity. It has been shown by Sahai and Emi (1996) that
the RTD response of tundish water models is insensitive to
the Froude number over a large range of values, and to the
Reynolds number, if the tundish is operated in the turbulent
regime. Since tundishes are generally operated turbulently,
either Froude number or Reynolds number similarity may be
used to scale the flow rates for the water model. However,
Froude number (Equation 1) similarity is required for the
modelling of inclusions and is therefore most often used in
tundish physical modelling. In this study, Froude number
similarity was selected to enable addition of inclusions to the
water model in the future.
Table I gives a comparison of design and operating
parameters for the industrial tundish and the 1:2 water
models. During scaling based on the Froude number, the inlet
flow rate of the water model was calculated so that the
Froude number at the inlet is identical to that of the industrial
tundish. The Froude number at the inlet is calculated as:
[1]
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Figure1 – Dimensions of the tundish model (mm) shown from (a) the
front view, (b) the side view, and (c) the top view
Figure 2 – Dimensions of the turbulence inhibitor (in mm) shown from
(a) the front view, (b) the side view, (c) the top view, and (d) the
isometric view
During the experiments, the water was first allowed to
run for approximately 15 minutes at the desired flow rate to
allow a steady flow to develop in the tundish model. An
aqueous potassium chloride solution (200 g/l) was used as
tracer. To initialize the experiment 50 ml of the tracer
solution was injected near the inlet. This was done over a
period of five seconds to prevent the tracer injection from
disturbing the inlet velocity profile to a significant extent. The
delay this caused was justified by the fact that for all set-ups,
except for the bare tundish, the minimum residence times are
relatively large compared to this delay.
For the duration of the experiment the total dissolved
solids in the water passing through an outlet was monitored
using a conductivity meter. The conductivity meter was
placed in a small container below the outlet to prevent
disturbance of the flow pattern within the tundish. The
volume of the container was minimized to allow the delay
caused by the mixing to be small compared to the residence
times observed. The experiment was performed for only two
of the outlets, because of the symmetry of the geometry. Five
experiments were performed for each tundish configuration
to obtain an average residence time distribution that accounts
for variation between runs.
Flow characterization 
Several properties were calculated from the RTD results of
both the physical and numerical experiments to characterize
the flow in the tundish being studied. The first step was to
derive the dimensionless C-curve for the tundish. The
dimensionless time, θ, was calculated as:
[2]
where t is the theoretical mean residence time, t = V/Q [3]
The dimensionless concentration of strand i (the outflow
at outlet i) can be calculated as:
[4]
where V is the total volume of the tundish, ci the concen-
tration in the strand, and M the total amount of tracer
injected.
Since the flow rates in all strands are equal, the overall
dimensionless concentration can be simply calculated as the
average of the individual strand concentrations. Another
important characteristic property of the flow is the mean
residence time, tmean, calculated as:
[5]
To calculate the mean residence time for an individual
strand, the average concentration at the outlets, C, is simply
substituted by the concentration at the strand being
considered. The tundish performance can further be classified
by dividing the tundish into three flow volumes: the plug
volume (Vp), the well-mixed volume (Vm), and the dead
volume (Vd), which are defined according to the modified
combined model by Ahuja and Sahai (1986) as:
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Figure 3 – Schematic representation of the physical model set-up
Table I
Comparison of design and operating variables of
the industrial tundish and the model
Property Industrial tundish Water model
Length (m) 3 1.5
Volume (l) 2000 250
Mass flow rate (kg/min) 1015 25.6
Volumetric flow rate (l/min) 145 25.6
Bath height (m) 0.78 0.39
Froude number 1.24 1.24




The ratio Qa/Q is the fractional volumetric flow rate
through the active region and is equal to the area under the
C-curve between the bounds of θ = 0 and θ = 2. After θ = 2,
the tail data is considered to be only from the dead regions.
Numerical modelling
Numerical simulation has several advantages over physical
modelling. Firstly, it provides information on properties
throughout the flow domain. Therefore, information
regarding the velocity and turbulence kinetic energy profiles
can be used to explain the RTD results obtained through
physical modelling and to identify possible ways to improve
the system. Secondly, once an accurate model has been
developed, different geometries can easily be studied using
the numerical model without making costly and time-
consuming changes to a physical model. In this study the
commercial CFD package FLUENT® 14.5 was used.
A review of the literature on tundish numerical modelling
(Chattopadhyay et al., 2010) showed that the majority of
authors had used the standard k-ε model to model
turbulence. The standard k-ε turbulence model has been
shown to be reasonably accurate in predicting flow character-
istics for a single-strand tundish from RTD experiments, and
is still preferred above slightly more accurate models because
of significantly lower computational times (Jha et al., 2003).
For this study the realizable k-ε (RKE) model was selected
since it provides additional accuracy for swirling flows and is
only slightly more computationally expensive than the
standard k-ε model. 
At the inlet, the normal velocity, calculated from the inlet
area and the volumetric flow rate, was specified, assuming a
flat profile at the ladle outlet.  The top surface of the model
was assumed to be flat and frictionless. This was done by
declaring the surface as a wall with zero shear stress
components in all three dimensions. The outlets were
specified as pressure outlets with zero gauge pressure. The
combination of the bath height and outlet diameter caused
the total outlet mass flow to be equal to the inlet mass flow
rate. All other surfaces were set to stationary walls, assuming
the no-slip condition. The standard wall function was used to
model the turbulence near the walls. The flow was assumed
to be symmetrical over the planes through the centre of the
bath along its length and its width, hence a quarter model
was used.  Therefore, zero gradients of all properties were
assumed normal to these planes. The three-dimensional
geometry of the fluid volume was created for the different
geometries considered in this study and meshed using a
tetrahedral mesh. The mesh was refined near curved walls
and walls with close proximity to each other to produce a
mesh of acceptable quality. Figure 4 shows the domain
modelled with CFD.
In FLUENT, the flow and turbulence in the domain was
first solved for steady flow, reaching a converged solution
after approximately 12 000 iterations. For the final
simulations, this initial solution was then used to locally
refine the mesh in areas with high velocity gradients, using
the gradient adaption function in FLUENT to obtain a more
accurate solution. Throughout this study the minimum mesh
orthogonal quality, a measure of the mesh quality, was
maintained above 0.09 after gradient adaption. General
guidelines suggest not using meshes with a minimum
orthogonal quality of less than 0.05 (ANSYS, 2011);
therefore sufficient mesh quality is maintained in this study.
The final meshes contained approximately 2.8 million cells.
The refined mesh was then used to solve for more accurate
flow and turbulence solutions, requiring approximately 
15 000 additional iterations for a converged solution. The
transient and species solvers were then activated and the
momentum and turbulence solvers turned off.  This allowed
the transient movement of the tracer fluid to be tracked in the
steady velocity and turbulence fields. To simulate the
physical experiment, the inlet boundary condition was set to
add tracer to the tundish for five seconds, after which the
addition of tracer was stopped. The concentration of tracer at
the outlets was then monitored for two and a half times the
theoretical mean residence time of the tundish to calculate the
flow characteristic properties from the RTD response.
Grid independence and validation 
A grid-independence study was performed to determine
whether the mesh used is sufficient to accurately solve the
flow in the tundish. This was done by repeating the
numerical experiment for cases with different specified mesh
sizes and comparing the RTD curves. A mesh specified with a
constant size is preferred, since this is the easiest to set up
and to use in different geometries.  However, due to the
contrast between the fast flow near the inlet and outlets and
the very slow flow through the rest of the bath, the gradients
in the bath will also vary to a large extent. For this reason,
some areas will require a very fine mesh for accurate
▲
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Figure 4 – Illustration of the domain modelled using CFD with the
important boundaries indicated
solutions, while most of the tundish will require only a coarse
mesh. Therefore, by refining the mesh in regions with high
velocity and turbulence gradients, a more efficient numerical
model can be obtained. It was determined that grid
independence was achieved by performing a single
refinement, using the gradient adaption tool in FLUENT, on a
10 mm mesh, effectively reducing the size of the adapted
cells to 5 mm. The velocity gradient at which adaption starts
was determined by lowering the adaption threshold until the
final solution no longer changed appreciably.
Results and discussion
In this study, aspects of the modelling procedure, such as
symmetry, steady flow, and grid independence, were
investigated. Next, the numerical model was validated
against physical model results for three different configu-
rations. The first set-up consisted of a bare tundish; therefore
no flow control devices were used. The second set-up used a
combination of the turbulence inhibitor with holes (TID),
shown in Figure 2, and a low dam, which altered the flow by
forcing it over the dam. The ratio of the dam height to the
bath height was 0.2. The dam was placed at X=0.39L where
X is the distance from the inlet to the dam and L is half the
length of the tundish. The final set-up included a turbulence
inhibitor, as shown in Figure 2, but with the side holes closed
(TI). This allows the effect of the inclusion of the holes and
dams, the design proposed by Kumar et al. (2008), to be
evaluated. Finally, the numerical model results were used to
evaluate the performance of the different tundish configu-
rations.
Symmetry assumption
The geometry of the tundish used in this study is
symmetrical over two planes. Using this knowledge, the fluid
volume solved in FLUENT can be reduced to a quarter of its
original size, reducing the computational time required
significantly. Another simplification to the numerical model
that is frequently used in tundish modelling is to assume
dynamically steady flow. This assumption allows only the
species equation, which converges much faster than the
momentum and turbulence equations, to be solved
transiently. This allows a single iteration per time step to be
used, instead of approximately six to eight iterations per time
step, drastically reducing the required computational time.
Although both of these assumptions are frequently used
in tundish literature (Kumar et al., 2008; Tripathi and
Ajmani, 2011; Zhong et al., 2007; Mishra et al., 2012;
Tripathi and Ajmani, 2005; Jha et al., 2001), there is little
information available about their effect on the numerical
results. For this reason, the RTD curves were compared for
three different cases: dynamically steady flow with two
symmetry planes, dynamically steady flow without
symmetry, and fully transient flow without symmetry. The
tundish configuration used for the comparison was the
turbulence inhibitor with holes in combination with the
dams. However, because of the high computational
requirements of the cases without simplifying assumptions, it
was clear from preliminary grid-independence results that
these solutions would not be feasible with the amount of cells
required to reach grid independence. Hence a mesh of 14 mm
cells was used for this comparative study to allow a rough
estimate of the effect of these assumptions. The results
shown use an average value of three simulations for each
case, to account for variability in the results. The variability
was much higher than for the final grid-independent runs. It
was argued that this was because a new mesh was generated
for each run, causing differing numerical errors due to the
mesh being insufficiently fine in certain areas.
Figure 5 shows that the use of two symmetry planes does
have an effect by slightly increasing the peak concentration.
However, from knowledge gained from further grid investi-
gations, it was seen that the effect of accurately resolving the
mesh is much more important than solving the full geometry.
Therefore, the use of the symmetry assumption is justified by
the fact that it allowed the use of a finer mesh for a more
accurate solution within acceptable computational time. It
was therefore decided to use the model applying both
symmetry planes and dynamically steady flow and focus on
obtaining a more accurate grid-independent solution.
Flow characteristics
The characteristic flow quantities calculated from the physical
and numerical experiments are summarized in Table II.
Additionally, the RTD curves for the numerical solution for
the three cases are shown in Figure 6.
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Figure 6 – RTD curves obtained through numerical simulation for the
bare, TI, TID, and TIHD cases
Figure 5 – Comparison of average residence time distributions for three
different numerical configurations: dynamically steady flow with two
symmetry planes, dynamically steady flow without symmetry, and fully
transient flow without symmetry
Physical and numerical modelling of a four-strand steelmaking tundish
It is immediately apparent from the results that the
introduction of the turbulence inhibitor offers advantages
over the use of the bare tundish, as reported by Kumar et al.
(2008).  This is due to the fact that the turbulence inhibitor
prevents short-circuiting along the bottom of the tundish by
forcing upward flow. This leads to a significant increase in
the minimum, peak, and mean residence times. Since
sufficient time is necessary for the flotation of inclusions by
buoyant forces to the slag, these increased residence times
enable more inclusions to be absorbed by the slag layer. The
result is that the number and size of non-metallic inclusions
in the steel product will be reduced, providing a product of
higher quality and value.  Additionally, the higher plug flow
volume fraction will provide less turbulent flow, which
promotes the rising of the inclusions in the melt, while the
decreased dead volume enhances thermal and chemical
homogeneity in the product. Also, the upward-directed flow
will help to bring the inclusions into contact with the slag for
absorption. However, the primary purpose of this study was
to evaluate the benefit of including holes and low dams to the
turbulence inhibitor. The purpose of the holes is to accelerate
upward flow away from the inlet region, thereby helping to
eliminate dead volumes. 
Comparing RTD results for the physical and numerical
experiments using the adapted mesh in Table II, a good
correlation was reached for the calculated flow characteristics.
The average difference in the properties calculated for the
three different configurations is approximately 10%. The
largest difference, recorded for the breakthrough time in the
bare model, is easily explained by the delays in input and
measurement in the physical model, which become
significant for the very short minimum time. The other value
where large differences are detected is the peak time for the
cases using a turbulence inhibitor. The numerical model
predicts longer times for the peak concentration to be
reached, which in turn translates into larger plug flow
volumes and lower dead volumes. What is of importance is
that despite these differences, general trends between the
different configurations are the same for the physical and
numerical model. The numerical model predicts the much
lower breakthrough time due to short-circuiting in the bare
set-up, as well as the small amount of short-circuiting for the
case with the turbulence inhibitor with holes. Also, the bare
tundish clearly has much lower plug flow and larger dead
volumes than the configurations using turbulence inhibitors.
It can therefore be concluded that the numerical model is
acceptable for predicting the flow properties of different
tundish configurations. This is particularly the case when
considering the assumptions employed to reduce the
computational time: symmetry, dynamically steady flow, and
a flat, frictionless surface.
A numerical simulation was also performed for the case
of a turbulence inhibitor with high dams (TIHD), where the
height of the dams was increased by 50% over the TID case.
Comparison of the flow characteristic properties in Table II
shows that the higher dam is in fact able to prevent the
short-circuiting in the system, since the value of the
dimensionless minimum residence time increases from 0.043
to 0.084. Unfortunately, this improvement comes with a cost,
as the peak residence time is significantly reduced and the
dead volume is increased slightly. The likely reason for this
deterioration of the flow quality is that the higher dam causes
larger dead volumes between the turbulence inhibitor and the
dams, as well as behind the dams.
It is observed that the minimum residence time for the
TID case is less than half of that observed for the TI case.
Therefore, a fraction of the flow will spend a very short time
in the tundish, allowing larger inclusions to reach the outlet
without being removed. In conclusion, it can therefore be
stated that there does not appear to be any clear evidence that
the use of holes and dams, in combination with a turbulence
inhibitor, offers any significant benefit over using only the
turbulence inhibitor.
The short minimum residence time for the TID case is
most likely due to the dams being too low to completely
eliminate short-circuiting of the flow passing through the
holes. It was suggested that it might be possible to eliminate
this problem by increasing the height of the dams. Industrial
trials would be required to determine whether the prevention
of large inclusions passing through by short-circuiting in the
TID case is worth the reduction in peak residence time and
increase in the dead volume when the height of the dams is
increased. However, the TI case still performs better, without
the added complication and cost of more complex flow control
devices. 
As a final matter of interest, the amount of turbulence
predicted near the surface by the numerical model was
investigated for the bare, TI, and TID cases. The magnitude of
the turbulence near the tundish surface is very important due
to the potential of slag entrainment. From previous
discussions it is also obvious that the addition of the
turbulence inhibitor influences the flow near the surface to a
▲
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Table II
Comparison of flow properties calculated from physical and numerical experiments
Set-up Data source θmin θpeak θmean Vp Vd Vm
Bare Physical 0.0101 0.0670 0.687 0.039 0.370 0.591
Numerical 0.0077 0.0732 0.705 0.040 0.375 0.585
% difference 27.5 8.84 2.64 4.76 1.19 1.08
TI Physical 0.089 0.234 0.756 0.162 0.306 0.532
Numerical 0.091 0.298 0.784 0.195 0.278 0.528
% difference 1.89 24.1 3.62 18.5 9.61 0.915
TID Physical 0.035 0.291 0.747 0.163 0.299 0.538
Numerical 0.043 0.326 0.790 0.184 0.259 0.557
% difference 18.7 11.3 5.61 12.2 14.4 3.46
TIHD Numerical 0.084 0.279 0.784 0.181 0.279 0.540
large extent by introducing upward flow in the inlet region. It
is therefore necessary to evaluate the effect of the upward
flow on surface turbulence, because entrainment due to
increased turbulence may offset any benefits of longer
residence times and increased plug flow gained by the
addition of the turbulence inhibitor. It should be noted that
without a separate study to determine the dependency of slag
entrainment on turbulence conditions, the discussion
regarding entrainment in this study is qualitative in nature.
Nevertheless, the changes in flow along the longitudinal
symmetry plane can be observed in Figure 7, and it can be
seen that the upward-directed flow away from the inlet does
increase. Comparing the turbulence kinetic energy values on
a plane 2 cm below the surface of the tundish in Figure 8, it
can be seen that the turbulence inhibitor changes the nature
of the surface turbulence significantly. Firstly, it is noted that
Physical and numerical modelling of a four-strand steelmaking tundish
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Figure 8 – Comparison of turbulence kinetic energy value near the surface of the tundish for (a) the bare tundish, (b) the TI configuration, and (c) the TID
configuration
Figure 7 – Comparison of velocity vector plots along the longitudinal symmetry plane for (a) the TI configuration and (b) the TID configuration
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regions with slightly more turbulence develop at the far end
from the inlet in all three configurations due to a circulation
formed at the surface after flow is turned back at the back
wall. However, this discussion will focus on the area near the
inlet, where more surface turbulence occurs. In the bare
tundish a high-turbulence region is formed near the sidewalls
close to the inlet due to the flow rising along the walls. When
the turbulence inhibitor is introduced, the high-turbulence
region is centred on the inlet due to the rising flow from the
turbulence inhibitor. It is important to note that the maximum
value of turbulence (2.17×10−4 m2/s2 ) is significantly
increased from the bare case (9.67×10−5 m2/s2). It is
therefore recommended that surface turbulence should be
considered when changing the design of a tundish to include
a turbulence inhibitor. It would be valuable to study whether
the turbulence generated near the surface would be sufficient
to entrain slag droplets, either by physical or numerical
modelling.
Visual comparison between the TI and TID cases in Figure
8 shows that the areas of higher turbulence expand very
slightly with the addition of the holes and dams, with the
average turbulence kinetic energy increasing from 
6.01×10−5 m2/s2 to 6.49×10−5 m2/s2. The most likely
explanation for this increase is that due to the increased
strength of the circulation pattern at the top of the tundish for
the TID case, more turbulence is generated when the flow
rising from the inlet joins the flow from this circulation
pattern.
Conclusions
A reduced-scale water model of a four-strand tundish was
developed. The model was then used to perform RTD
experiments to determine the flow behaviour of three
different tundish configurations: a bare tundish with no flow
control devices, a tundish with a turbulence inhibitor, and a
tundish with both a turbulence inhibitor and a dam. A
numerical model was also developed to simulate the
behaviour of the water model to gain a clearer understanding
of the physical model results. The numerical model was
successfully validated against the physical model results. 
A bare tundish was proven to be insufficient in providing
good flow properties for tundish operation. Short minimum,
peak, and mean residence times will limit inclusion removal,
while a lack of strand similarity will reduce the quality of the
product. High dead volumes will also prevent adequate
mixing for homogenization and low plug flow volumes will
limit inclusion removal. Both configurations with turbulence
inhibitors were shown to decrease short-circuiting, decrease
the dead volume, increase the plug flow volume, and increase
the mean residence time. However, the addition of holes and
dams to the configuration with only a turbulence inhibitor
shows no clear improvement in flow properties. In fact, short-
circuiting of the fluid passing through the holes decreases the
minimum residence time and will allow larger inclusion to
reach the mould. This short-circuiting could be prevented by
increasing the height of the dams, but this approach resulted
in a lower peak residence time and slightly larger dead
volumes. It was determined that the surface-directed flow
caused by the turbulence inhibitor more than doubles the
maximum turbulence kinetic energy near the surface of the
melt, increasing the potential for slag entrainment. The
surface turbulence should therefore be considered during
turbulence inhibitor design.
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